Background The upper limit of vulnerability is the stimulus strength above which electrical stimulation cannot induce ventricular fibrillation even when the stimulus occurs during the vulnerable period of the cardiac cycle. The purpose of this study was to test the hypothesis that the upper limit of vulnerability can accurately predict the defibrillation threshold in patients undergoing implantable cardioverter-defibrillator (ICD) implantation using nonthoracotomy lead systems.
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Background The upper limit of vulnerability is the stimulus strength above which electrical stimulation cannot induce ventricular fibrillation even when the stimulus occurs during the vulnerable period of the cardiac cycle. The purpose of this study was to test the hypothesis that the upper limit of vulnerability can accurately predict the defibrillation threshold in patients undergoing implantable cardioverter-defibrillator (ICD) implantation using nonthoracotomy lead systems.
Methods and Results We studied 77 patients at the time of ICD implantation. Multiple endocardial-endocardial and endocardial-subcutaneous shock pathways were used. Two different protocols were used to test the upper limit of vulnerability. In protocol 1 (n=17), the upper limit of vulnerability was tested with two shocks on the peak or the up-slope of the T wave of paced rhythm. The shocks were given randomly either at the peak and 20 milliseconds before the peak of T wave (n=7) or at 20 and 40 milliseconds before the peak of T wave (n=10). In protocol 2 (n=60), the upper limit of vulnerability was tested with three shocks delivered at 0, 20, and 40 milliseconds before the peak of the T wave. The weakest shock that failed to induce ventricular fibrillation by a 5-J step-down or step-up method was defined as the upper limit of vulnerability. The defibrillation threshold was also determined by a I mplantable cardioverter-defibrillators (ICDs) have achieved widespread acceptance for the treatment of patients with life-threatening ventricular tachyarrhythmias.' Nonthoracotomy implantation techniques using transvenous leads and subcutaneous patches have diminished the morbidity and mortality associated with open-chest implantation. 23 However, measurement of a defibrillation safety margin is still necessary. This requires initiation of multiple episodes of ventricular fibrillation with the attendant risks of circulatory arrest, particularly if testing of multiple lead systems is required.4 Determination of the defibrillation threshold, the accepted measure of the efficacy of a defibrillation system, requires additional episodes of ventricular fibrillation. It is therefore highly desirable to develop a method that can accurately predict defibrillation threshold without subjecting the patients to repeated episodes of circulatory arrest. One method that can potentially be useful in achieving this goal is to use the "upper limit 5-J step-down or step-up method. In protocol 1, the upper limit of vulnerability (9±6 J) was significantly lower than the defibrillation threshold (13±7 J) with a correlation coefficient of .87 and P<.001. In protocol 2, the upper limit of vulnerability (13±6 J) was not significantly different from the defibrillation threshold (13±6 J) with a correlation coefficient of .85 and P<.001. In 45 of the 60 patients, the upper limit of vulnerability was <15 J; all had a defibrillation threshold of <20 J. In 51 of the 60 patients, the upper limit of vulnerability was within 5 J of the defibrillation threshold. The upper limit of vulnerability overestimated the defibrillation threshold by >10 J in 8 patients and underestimated the defibrillation threshold by > 10 J in only 1 patient. The overestimation and underestimation occurred only in patients with the upper limit of vulnerability > 15 J.
Conclusions When tested with three shocks on and before the peak of the T wave, the upper limit of vulnerability accurately predicted the defibrillation threshold in patients undergoing ICD implantation using nonthoracotomy lead systems. This method required either one or no episodes of ventricular fibrillation in most patients. (Circulation. 1994;90: 2308-2314.)
Key Words * cardioverter-defibrillators * defibrillation of vulnerability" determined in paced rhythm as a surrogate for the defibrillation threshold. The upper limit of vulnerability is a shock strength above which ventricular fibrillation cannot be induced even when shocks occur during the vulnerable period of the cardiac cycle. The existence of a stimulus strength above which ventricular fibrillation cannot be induced in experimental animals was first observed in 1889 by Frederic Battelli.5 Since then, many investigators have reported the presence of an upper limit of vulnerability during normal and paced rhythms in animals6-10 and humans.11-3 Furthermore, it has been demonstrated that the upper limit of vulnerability correlated closely with the ventricular defibrillation threshold.67,9-11l14 A preliminary study in humans1" reported a good correlation between the upper limit of vulnerability and the defibrillation threshold. However, the study protocol was complex, and more than one episode of ventricular fibrillation was needed before the upper limit of vulnerability could be determined.
The purpose of the present study was to develop a method of upper limit of vulnerability testing that can (1) accurately predict the defibrillation threshold for patients undergoing nonthoracotomy ICD implantation, (2) require delivery of only a limited number of shocks in paced rhythm, and (3) require the induction of only one or no episodes of ventricular fibrillation. 
Methods
The protocol of the study was approved by the institutional review board of our institution. Consecutive patients undergoing surgery for ICD implantation using a nonthoracotomy lead system between October 1992 and December 1993 were included. All patients received routine medical care before, during, and after surgery. Ventricular pacing was performed via the bipolar sensing lead at the endocardium of the right ventricular apex. A Bloom DTU-110 stimulator (Bloom Associates) was used to drive a constant current stimulation isolation unit to give 5-millisecond stimuli at twice diastolic threshold as the baseline drive (S,). The S, cycle length was 500 or 600 milliseconds to overdrive the underlying heart rhythm. A total of 8 S, were given. The surface ECG leads I, II, and III were recorded on an Electronics for Medicine VR-16 recorder with a paper speed of 100 mm/s. The ECG T-wave morphologies from all leads were inspected to select a lead with monophasic T waves for analysis (Fig 1) . In the rare incidence when the recordings were not satisfactory, the T wave of a reversed lead V1 was used. The reversed V, was recorded by placing the electrode on the right side of the vertebra at the level of the lower edge of the scapula. The interval between the last pacing stimulus artifact and the peak of the T wave was then determined. When more than one lead had a monophasic T wave, the one that peaked the latest was selected. This interval was used to program the second channel of the stimulator to deliver a premature stimulus (S2) as an external signal to trigger the immediate delivery of a highvoltage truncated exponential shock through the implanted defibrillation electrodes via an external defibrillator. The external defibrillator used in the first 20 patients was a Ventritex HVS-02, which delivered truncated exponential waveform shocks with fixed pulse duration and a variable tilt. The biphasic waveform of the HVS-02 defibrillator was generated by a positive-polarity truncated exponential waveform followed by a negative-polarity truncated exponential waveform. Leading-edge voltage of the second phase was half the residual value of the first phase. In the remaining 57 patients, a Medtronic model 2394 external defibrillator was used, which delivered truncated exponential waveform shocks with a 65% tilt and a variable pulse width. The biphasic waveform of this defibrillator also had a 65% tilt and a variable pulse width. The first phase was positive, and the second phase was negative. The leading-edge voltage of the second phase equaled the trailing-edge voltage of the first phase. The waveform was adjusted to match the waveform of the ICD being implanted. Once ventricular fibrillation was induced, shocks of the same waveform were delivered to determine the defibrillation threshold. The timing of the shock relative to the T wave was confirmed by frequent measurements of the interval between the last S, to the beginning of the shock during the upper limit of vulnerability testing. If the timing of the peak of the T wave changed, subsequent shock intervals were adjusted.
Shock Strength Calculations
When the HVS-02 external defibrillator was used, the delivered energy, peak voltage, and peak impedance were calculated automatically by the defibrillator. For the Medtronic model 2394 external defibrillator, the delivered voltage, current, and pulse duration of the waveforms were measured by oscilloscopes. The stored and delivered energies were then calculated manually by the following formulas:
where C is the capacitance (1.2. 10-4 F), V0 is the stored (peak) voltage in volts, and tilt is 65%. The actual delivered energy and the peak voltage were used for analysis of the upper limit of vulnerability and the defibrillation threshold.
In clinical practice, however, the shock strength usually refers to the programmed (stored) energy, not the actually delivered energy. To be compatible with this practice, in the following sections, the terms "5 J" and "steps of 5-J shock strengths" refer to the programmed energy, not to the actual delivered energy. The same is true when shock strengths of 10, 15, 20, and 25 J were used. However, only actual delivered energy and voltage units were used for statistical analysis.
Upper Limit of Vulnerability Testing Protocol 1
In this protocol, we delivered two shocks of the same strength on the up-slope or the peak of the T wave before changing the shock strength. Patients were assigned randomly to either group A or group B to test the effects of the timing of the shock on the correlation between the upper limit of vulnerability and the defibrillation threshold.
Patients randomized to group A received shocks on the peak and 20 milliseconds before the peak of the T wave. The sequence of the S1S2 intervals was also randomized. The first shock strength was either 10 or 15 J (programmed). If the first shock failed to induce ventricular fibrillation, the next shock with the same strength but with a different interval was delivered. If both shocks failed to induce ventricular fibrillation, the strength for the next shock was decreased by 5 J. If one of the two shocks induced ventricular fibrillation, the strength for the next shock was increased by 5 J. This process continued until a reversal of response was observed. For the purpose of upper limit of vulnerability testing, an induction of nonsustained polymorphic ventricular tachycardia of greater than 3 seconds' duration was treated as the induction of ventricular fibrillation, even though the arrhythmia spontaneously terminated before a defibrillation shock was given. An interval of 30 seconds to 1 minute was allowed between the shocks that failed to induce sustained ventricular arrhythmias. The weakest shock strength with which neither shock induced ventricular fibrillation was the upper limit of vulnerability. If two shocks at 5 J failed to induce ventricular fibrillation, then the upper limit of vulnerability was considered to be 5 J.
In patients randomized to group B, the shocks were delivered at 20 and 40 milliseconds before the peak of the T wave. The remaining part of the protocol was the same as that for patients in group A.
Protocol 2
After we studied 17 patients according to protocol 1, we found that in 1 patient in each group (A and B), the upper limit of vulnerability underestimated the defibrillation threshold by >10 J. We hypothesized that two shocks might not be enough to cover the entire vulnerable period. Furthermore, a parallel study in our animal laboratory15 showed that when determined with three shocks at each energy level, the upper limit of vulnerability closely predicted the defibrillation threshold of a transvenous lead system. Therefore, we modified the protocol to deliver shocks at 0, 20, and 40 milliseconds before the peak of the T wave. The first shock interval was chosen randomly in the first 14 patients. Based on the results of these 14 patients, the protocol was modified to give the first shock on the peak of the T wave, the second shock at 20 milliseconds before the peak of the T wave, and the third shock at 40 milliseconds before the peak of the T wave in all subsequent patients. As in protocol 1, the strength of the next shock was decreased by 5 J if neither shock induced ventricular fibrillation, and the strength of the next shock was increased by 5 J if any one of these shocks induced ventricular fibrillation. The weakest shock strength with which none of the three shocks induced ventricular fibrillation was the upper limit of vulnerability. If three shocks at 5 J failed to induce ventricular fibrillation, then the upper limit of vulnerability was considered to be 5 J.
Defibrillation Threshold Testing
The defibrillation threshold was measured according to a step-up or step-down protocol, with the first shock strength being 15 or 20 J after 10 seconds of induced ventricular fibrillation. Ventricular fibrillation was induced by 60 cycle current, rapid ventricular pacing (cycle length <100 milliseconds), or shocks on the T wave. The lowest energy that successfully defibrillated the ventricles was the defibrillation threshold. There was a minimum 3-minute interval between the fibrillation-defibrillation episodes. During their first 24 hours after surgery, all patients were closely monitored, and 12-lead ECGs were obtained.
Statistical Analysis
All statistical analyses used the actual delivered energy, not the programmed energy. t tests and Pearson correlation coefficient tests were used to compare the upper limit of vulnerability and the defibrillation thresholds of all patients. To determine the effects of amiodarone and shock waveforms, subgroup analyses were also performed. Because the same data set was used three times for statistical analyses, a value of Pc.05 divided by 3, or .017, was considered significant (Bonferroni procedure). 16 
Results
During the study period, 83 patients underwent ICD implantation using nonthoracotomy lead systems. Of these, 2 patients did not consent to participate in the study. In 4 patients, the study was not performed due to technical or clinical considerations. The data from the remaining 77 patients were included in this report. The clinical characteristics of the patient population are presented in Table 1 . Antiarrhythmic medications were discontinued for more than five half-lives before the study in 66 of the 77 patients. In the remaining 11 patients, 1 patient was receiving sotalol, and 10 patients were receiving long-term amiodarone therapy. There was no overlap between the patients in this study and the patients reported in our previous study.1"
In each patient, an upper limit of vulnerability was demonstrated. In 50 patients, sustained ventricular fibrillation was induced. In 5 patients, the upper limit of vulnerability was determined when self-terminating polymorphic ventricular tachycardia or fibrillation of > 3 seconds' duration was induced. In the remaining 22 patients, the upper limit of vulnerability was 5 J (programmed), and determination of the upper limit of vulnerability did not require induction of ventricular fibrillation. The interval from the onset of ventricular fibrillation to the first attempted defibrillation shock was 9.6+ 1.4 seconds (range, 8.5 to 13.5 seconds). The total energy delivered during upper limit of vulnerability testing per patient was 77±27 J (range, 30 to 158 J).
The average impedance and pulse width were 67±12 fl and 9.8±1.7 milliseconds, respectively, when the Ventritex HVS-02 defibrillator was used (n=20) and were 51±11 Q7 and 11.3±5.8 milliseconds, respectively, when the Medtronic 2394 defibrillator was used (n=57).
Protocol 1
Results of protocol 1 are summarized in Table 2 . The correlation between the upper limit of vulnerability and the defibrillation threshold (Fig 2) was significant. However, in 1 patient in each group, the upper limit of vulnerability was 10 J less than the defibrillation threshold, resulting in a significant underestimation of the defibrillation threshold in >10% of the patients.
In patients randomized to group A, ventricular fibrillation was induced by shocks at the peak of the T wave in 4 patients and 20 milliseconds before the peak of the T wave in 3 patients. In patients randomized to group B, ventricular fibrillation was induced by shocks given 20 Despite the significant correlation, the upper limit of vulnerability determined with protocol 1 underestimated the defibrillation threshold by > 10 J in 2 patients (12%). In comparison, the upper limit of vulnerability determined with protocol 2 overestimated the defibrillation threshold by >10 J in 8 patients (13%) and underestimated the defibrillation threshold by >10 J in only 1 patient (2%). In the remaining 51 patients (85%) in protocol 2, the upper limit of vulnerability and the defibrillation threshold were within 5 J of each other.
milliseconds before the peak of the T wave in 7 patients and 40 milliseconds before the peak of the T wave in 3 patients. These data suggested that if the three shocks were to be given at all three of the S1S2 intervals, the accuracy of using the upper limit of vulnerability to predict the defibrillation threshold might improve.
Protocol 2
The results of protocol 2 are also presented in Table 2 . Analysis of the initial 14 patients (whose first shock interval was randomly chosen) showed that ventricular fibrillation was induced by the shock at the peak of the T wave in 8 patients, the shock at 20 milliseconds before the peak of the T wave in 4 patients, and 40 milliseconds before the peak of the T wave in 2 patients. Therefore, in the subsequent 46 patients, the first shock was always given on the peak of the T wave. In these 46 patients, ventricular fibrillation was induced with shocks at the peak of the T wave in 31 patients (67%), at 20 milliseconds before the peak of the T wave in 10 patients (22%), and at 40 milliseconds before the peak of the T wave in S patients (11%). By using this protocol, the upper limit of vulnerability and the defibrillation threshold differed by 10 J (upper limit of vulnerability>defibrillation threshold) in 8 patients. In these 8 patients, despite the high upper limit of vulnerability (.20 J), the defibrillation threshold was .15 J (Fig 2) . In an additional patient, the defibrillation threshold was >10 J higher than the upper limit of vulnerability. The ventricular fibrillation was induced by a shock at 20 milliseconds before the peak of the T wave in this patient. In the remaining 51 patients, the upper limit of vulnerability and the defibrillation threshold were within one 5-J step.
In 45 of the 60 patients (75%), the upper limit of vulnerability was c15 J (programmed). All 45 patients had defibrillation thresholds .20 J (programmed) and met the minimum device implant criteria. In 35 of the 60 patients (58%), the upper limit of vulnerability was .10 J (programmed); all had a defibrillation threshold of c15 J (programmed). In 13 of 60 patients (22%), the upper limit of vulnerability was 5 J (programmed); all had a defibrillation threshold of .10 J (programmed). Fig 2 shows the linear regression analyses between the defibrillation threshold and the upper limit of vulnerability. The upper limit of vulnerability tested with protocol 2 closely predicted the defibrillation threshold in most patients.
ECG Leads Used to Find Peak of T Wave
The correlation between the upper limit of vulnerability and the defibrillation threshold was not determined by the ECG lead used to find the peak of the T wave. The peak of the T wave was determined with ECG lead I in 11 patients, with ECG lead II in 31 patients, with ECG lead III in 27 patients, and with reversed lead V, in 4 patients. The correlation coefficients between the upper limit of vulnerability and the defibrillation threshold were .89, .80, .83, and .87, respectively (P<.001 for each correlation). The differences were not statistically significant among these four groups. In the remaining 4 patients, the ECG lead used to determine the peak of T wave could not be identified.
Changes in Interval Between S, and Peak of T Wave During Upper Limit of Vulnerability Testing
Prolongation of the interval between the last S, and the peak of the T wave was observed in 4 patients during the course of the study. All 4 patients required one adjustment of the S, to the shock interval during the upper limit of vulnerability testing. The average lengthening of the interval between the S, and the peak of the T wave in these 4 patients was 25 milliseconds (range, 20 to 30 milliseconds). All 4 patients had an upper limit of vulnerability <15 J (programmed) and defibrillation thresholds <20 J (programmed).
Effects of Amiodarone and Shock Waveforms
A total of 10 patients were receiving long-term amiodarone therapy. The mean upper limit of vulnerability was 10±7 J (402±132 V), and the mean defibrillation threshold was 13±8 J (471±153 V, P<.001). The correlation coefficient (r value) between the upper limit of vulnerability and the defibrillation threshold in J was .96 (P<.001) and in V was .87 (P<.001). The mean interval between the last S, to the peak of the T wave was 410±61 milliseconds, which was significantly (P<.001) longer than the mean interval between the last S1 to the peak of the T wave from the patients not receiving amiodarone therapy (372±54 milliseconds).
Asymmetric biphasic waveform shocks were used in 5 patients in protocol 1 and in 28 patients in protocol 2. The remaining patients received monophasic truncated waveform shocks. Table 3 shows that with either waveform there was a good correlation between the upper limit of vulnerability and the defibrillation threshold.
Discussion Upper Limit of Vulnerability Reliably Predicts Defibrillation Threshold
In the present study, we developed a method of upper limit of vulnerability testing that can reliably predict There are at least three ways to apply the upper limit of vulnerability testing during ICD implantation. The first application is to determine the safety margin of the ICD being implanted. For example, if a 15-J defibrillation threshold were considered to have an acceptable safety margin for an ICD that has >30 J maximum shock strength, then an upper limit of vulnerability of 10 J should be considered as sufficient evidence for an acceptable safety margin. In these patients, which accounted for 58% of the patients in the present study, the induction of ventricular fibrillation would not be needed for defibrillation threshold testing. One episode of ventricular fibrillation may still be needed to test the device itself. If a 20-J defibrillation threshold were considered to have an acceptable safety margin for ICD implantation, then an upper limit of vulnerability of 15 J should be considered sufficient for implantation. In the present study, 75% of the patients met this criteria.
The second application of the upper limit of vulnerability testing is to use it as a surrogate for the defibrillation threshold testing in research protocols. For this application, the shock strength of the upper limit of vulnerability testing should be progressively decreased until ventricular fibrillation is induced. The upper limit of vulnerability determined by this step-down method accurately predicts the defibrillation threshold to be within 5 J in the vast majority of patients. Repeated episodes of ventricular fibrillation are therefore not necessary.
If a step-down or a step-up defibrillation threshold is considered necessary, the upper limit of vulnerability testing can still be helpful. Based on the results of the protocol 2 of the present study, the first shock strength programmed to be 5 J higher than the upper limit of vulnerability successfully defibrillated 98% of patients tested. To minimize the fibrillation-defibrillation episodes required for a step-down defibrillation threshold testing, the shock strength of first defibrillation attempt should be programmed to be no more than 5 J higher than the upper limit of vulnerability.
Definition of Upper Limit of Vulnerability
The definition of the upper limit of vulnerability in the present study is different from that of a previous report,6 which defined the upper limit of vulnerability as the highest energy that induced ventricular fibrillation.
Because the upper limit of vulnerability hypothesis6. [17] [18] [19] [20] states that successful defibrillation occurs when the shock fails to reinitiate ventricular fibrillation, the lowest energy that cannot induce ventricular fibrillation in paced rhythm should be equal to the defibrillation threshold. Therefore, we defined the upper limit of vulnerability as the lowest shock strength that cannot induce ventricular fibrillation in the vulnerable period. In a significant number of patients, ventricular fibrillation could not be induced even with a 5 -J shock. In these patients, the upper limit of vulnerability was 5 J according to the current definition. Our data also showed that with the current definition, there were no significant differences between the upper limit of vulnerability and the defibrillation threshold. It may be more convenient for the clinicians to estimate defibrillation threshold by upper limit of vulnerability, not by upper limit of vulnerability plus 5 J.
Comparison of Protocols
In addition to protocols 1 and 2 of the present study, we tested another protocol1' that gave shocks only at the mid-upslope of the T wave. This latter protocol and the protocol 1 of the present study resulted in > 10-J underestimation of the defibrillation thresholds in more than 10% of the patients. In comparison, giving three shocks on the T wave (protocol 2 of the present study) resulted in better correlation between the upper limit of vulnerability and the defibrillation threshold and only a 2% probability of underestimating defibrillation threshold by >10 J.
Because the upper limit of vulnerability testing is a probability function,2' it is possible that by giving more A second limitation is that we did not test the effects of antiarrhythmic medications on the relation between the upper limit of vulnerability and the defibrillation threshold. A previous study28 showed that high doses of lidocaine increased the upper limit of vulnerability to a greater extent than it increased the defibrillation threshold. Therefore, for patients receiving antiarrhythmic medications other than amiodarone, it is unknown whether the upper limit of vulnerability accurately estimates the defibrillation threshold. Further studies in this area are needed.
